ABSTRACT. Although Trypanosoma (Megatrypanum) theileri, a blood parasite of bovid species, is spread widely throughout the world, it has never been reported in Taiwan. When an anti-coagulated blood sample from febrile dairy cattle was directly smeared, no parasite was observed. However, a highly distinctive morphological feature of trypanosome appeared in baby hamster kidney (BHK) cell culture inoculated with non-thrown blood buffy coat. The different stages and typical ultrastructures of trypanosome were observed in our isolate. The isolate was subsequently identified as T. theileri by species-specific PCR assay (Tth625), 18S rDNA sequencing alignment and internal transcribed spacer of ribosomal genes (ITS) as a marker for molecular phylogenetic analysis. The first T. theileri isolate in Taiwan (TWTth1) could be periodically passaged in BHK cell culture for more than one year and retained good re-cryopreservation viability. The BHK culture method would be excellent for diagnostic isolation and maintenance long-term development of this parasite.
Trypanosoma theileri is assigned to the subgenus Megatrypanum by a classification originally based on its morphology. It was first described in cattle by Theiler, Laveran and Bruce in 1902 (cited in Hoare, 1972) [13, 14] . This species is one of the largest mammalian blood trypanosomes whose kinetoplast is typically situated near the nucleus. Hoare (1972) reclassified all trypanosomes from cattle and buffalo as T. theileri, and proposed that other Megatrypanum isolates from Cervidae, Antilocapridae, Tragulidae and Bovidae, with the exception of goats and sheep, should be classified as T. theileri-like [14] . Prevalence of T. theileri varies considerably in different countries ranging from 10 to 90% [14] . The pathogenicity of T. theileri remains controversial.
The epimastigote and large trypomastigote forms of T. theileri can be revealed in peripheral blood. Epimastigote multiplies in the bloodstream by binary fission [18] . Horsefly (Tabanidae) are considered to be the most important vectors [1] . Owing to the lack of a reliable serological diagnostic method for this species and a typically low parasitemia, cultivation of blood samples is better method for detection. Furthermore, T. theileri can be distinguished from other trypanosomes by PCR-amplified spliced-leader transcript [8] , internal transcribed spacer of ribosomal genes (ITS gene) [3] , 18S ribosomal DNA [7] and a species specific primer set Tth625a,b [19] . However, the spliced-leader transcript is not an informative phylogenetic marker for long range evolutionary studies of the genus Trypanosoma [8] , hence we amplified and sequenced the other three genes to identify and characterize T. theileri isolated from the cattle in Taiwan 1 (TWTth1) in the current study.
T. theileri has been reported around the world [12, 22, 31] and continues to be reported in cattle in Europe [5, 9, 27] , Australia [29] , Africa [24] , North and South America [6, 15, 19] , Asia [21, 23] and most recently in Spain [28] . In Asia, T. theileri has been observed in Russia, Indo-china, Malaya (Singapore), China, Hong Kong, Indonesia, Philippines, Korea and Japan [13] , but not in Taiwan. To our knowledge, this is the first report of T. theileri in Taiwan.
In this study, T. theileri was directly isolated and characterized from the cattle in southeastern Taiwan by routine diagnostic baby hamster kidney (BHK) cells. To better understand the structure of cultivated isolate, T. theileri, both light and electron microscopy were applied. Based on our findings, the long-term replication abilities of T. theileri in cell culture will enable researchers to obtain and maintain a substantial supply of the parasite for further studies.
MATERIALS AND METHODS
Detection, isolation and growth of trypanosomes from dairy cattle: In September 2007, a blood sample from a 3-year-old febrile female Holstein cattle was collected at a dairy farm located in Pingtung County (southeastern Taiwan), where has a subtropical climate and favors a high prevalence of vectors throughout the year. There were no newly introduced cattle or pesticide practice at this farm. The sodium citrate (0.4%) anticoagulated blood was collected from the caudal vein of the febrile cattle and kept in cold storage during transport to our laboratory. Collected blood buffy coat (1.0 ml each) was directly inoculated, with-out being frozen and thawed, onto monolayers of BHK cells obtained from Bioresource Collection and Research Centre (BCRC) at the Food Industry Research and Development Institute (FIRDI) (Hsinchu, Taiwan) in maintenance medium (Eagle's minimal essential medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) and PSN Antibiotic Mixture [penicillin, streptomycin, neomycin, Gibco, Carlsbad, CA, U.S.A.)] at 37C in a humidified 5% CO 2 atmosphere with daily monitoring under a reversed microscope at  400 magnification.
After incubation, the cells were maintained for another two weeks by replacing the medium with fresh maintenance medium every 3-4 days. During the latter two weeks' incubation, trypanosomes propagated and could be observed in the tissue culture flask. The trypanosomes from the primary isolate were cultured for more than one year on BHK cells feeder co-culture with subsequent weekly periodic passages. The inocula suspension containing cells and trypanosomes was scraped from infected monolayer by a rubber policeman for light and transmission electron microscopy.
Light and transmission electron microscopy: The trypanosomes from a culture supernatant underwent low speed centrifugation (400  g, 10 min). They were then placed on smear slides and air dried, followed by Giemsa staining. Stained isolates were observed by light microscopy (Axioskop2, Zeiss, Ontario, CA, U.S.A.) with an oil immersion objective (magnification:  1,000) and images were captured by a digital microscope camera (MacroFire ® , Optronics, Goleta, CA, U.S.A.). Trypanosome developmental stages were distinguished on the basis of body shape, position of the kinetoplast in relation to the nucleus and arrangement of the flagellum in the body according to Hoare [14] .
For transmission electron microscopy, trypanosomes from the culture were fixed in 2.5% (v/v) glutaraldehyde, post-fixed with 1% (w/v) OsO 4 , embedded in epoxy resin, thin sectioned, and examined with a transmission electron microscope (TEM, JEM-1010, JEOL, Tokyo, Japan) as conditions for ten days (Giemsa stain). Large trypomastigotes, epimastigotes, pear-shaped metacyclic trypomastigotes and long slender formed epimastigotes are shown, but most forms are epimastigote.
Bar: 10 m. E, epimastigote; T, trypomastigote; f, flagellum; k, kinetoplast; n, nucleus.
described previously [2] .
Cryo-preservation and long-term continuous cultivation:
The new cultures of trypanosomes from cattle were BHK cell co-cultured in MEM medium with 10% heat-inactivated FBS (Invitrogen Carlsbad, CA, U.S.A.) in a humid atmosphere of 5% CO 2 at 37C. Cultured trypanosomes were cryopreserved (using 20% DMSO as a cryopreserver) in liquid N 2 [19] . For long-term continuous cultivation, semiconfluent cells were inoculated with trypomastigotes at a proportion of 10:1 cell/parasite and repeat in every 7 dayculture. After 7 days of culture, the medium was removed and the cocultured BHK cells were fixed, followed by Giemsa staining for observation of epimastigotes.
Identification of Trypanosoma by species-specific diagnostic PCR assay: Cultured trypanosomes were washed twice in phosphate buffer solution (PBS) and the pellets obtained were stored at -20C or immediately processed for genomic DNA extraction using the DNeasy Blood and Tissue Kit (Qiagen Inc., Turnberry Lane Valencia, CA, U.S.A.).
The primers Tth625a (5'-CCG CTG GAG CTA AGA ATA GA-3') and Tth625b (5'-AAT TGC ATA AAC ACA GCT CCC-3') were designed for species-specific PCR amplification (Tth625-PCR) of the 450 bp DNA fragment (Tth625 fragment) described by Rodrigues et al. [19] . The reactions were cycled 30 times as follows: 1 min at 94C, 1 min at 59C and 1 min at 72C. In the first cycle, the duration at 94C was 3 min, and in the last cycle the duration at 72C was 20 min.
The full length 18S ribosomal DNA sequence was analyzed using the forward primer 18STnF2 (5'-CAA CGA TGA CAC CCA TGA ATT GGG GA-3') and 18STnR3 (5'- TGC GCG ACC AAT AAT TGC AAT AC-3') as reverse primer [7] . For single PCR amplification, Kin1 reverse (5'-GCG TTC AAA GAT TGG GCA AT-3') and Kin2 forward (5'-CGC CCG AAA GTT CAC C-3') primers were used to anneal internal transcribed spacer of ribosomal genes (ITS) sequence, the conserved spacer between the 5.8S and 18S ribosomal DNA [3, 17] . Amplification was performed in 50
l reaction containing 50 ng of DNA, 2.5 U GoTaq DNA polymerase (Promega, Madison, WI, U.S.A.), 0.2 mM dNTP, PCR buffer, 1.5 mM MgCl 2 (Promega), and 200 pM of primer, according to the manufacturer's instructions. Amplicons were separated on 1.8% agarose gel and stained with 1:10,000 SYBR Safe DNA gel stain solution (Invitrogen). DNA sequencing and phylogenetic analysis: The PCR fragments described above were purified from agarose gels using GFX PCR DNA and Gel Band Purification kits (GE Healthcare Inc., Buckinghamshire, U.K.) according to the manufacturer's instructions. DNA sequencing was done in both directions with the same primers using an ABI PRISM Big Dye Terminator cycle sequencing kit (Applied Biosystems, Foster city, CA, U.S.A.) and an ABI 3130 genetic analyzer. Phylogenetic analysis of ITS sequences was performed by the neighbor joining method [26] using the CLUSTAL W multiple sequence alignment program (version 1.8.3), Tree View (version 1.6.6) for constructing the p h y l o g e n e t i c t r e e , a n d N C B I / B L A S T ( h t t p : / / blast.ncbi.nlm.nih.gov/Blast.cgi).
RESULTS

Detection, isolation and culture features of blood trypanosomes:
Trypanosome was isolated in the sick cattle at a dairy farm in southeastern Taiwan after 10 days' BHK cell culture. Trypanosome from the culture was initially observed during the second passage in BHK cells at day 10, which revealed a large number of motile, flagellated organisms. Microscopy, PCR and sequence analyses showed that the parasite was T. theileri and was designated as T. theileri isolate from cattle in Taiwan 1 (TWTth1). Under these growth conditions, two stages of TWTth1, trypomastigote (2.1-3.5  24.1-30.7 m) and epimastigote forms (1.8-2.0  16.3-30.0 m), were shown. An epimastigote had a kinetoplast anterior to the nucleus (Fig. 1) , whereas trypomastigote had a kinetoplast posterior to the nucleus (Fig. 1) , and most culture forms were epimastigote. Epimastigotes were occasionally observed multiplying asexually by binary fission (Fig. 1) . In addition, transition forms of highly variable body shape and flagellum length were also revealed, such as pear-shaped metacyclic trypomastigotes and long slender forms of epimastigote.
Transmission electron microscopy observation: Ultrastructural appearance of a random sample of TWTth1 trypanosomes growing in BHK cell co-culture revealed a centrally located nucleus, rod-shaped kinetoplast, a flagellum with flagellar pocket, basal body and endoplasmic reticulum (Fig. 2) . The kinetoplast was typically broad in width with a network of DNA fibrils not very condensed and always adjacent to the base of flagellum but varied in the position ( Fig. 2A-C, k) . The flagellum ( Fig. 2A-C, f) emerged from a basal body ( Fig. 2A and 2B, b) at the bottom of the flagellar pocket ( Fig. 2A and 2B, fp) . The electron dense vacuoles (acidocalcisomes) varied in amount were observed, frequently on only one side of the membranes, but somtimes they filled the cytoplasm (Fig. 2, ac) . In some vacuoles, the electron dense material was empty, and only a thin dense ring below the membrane was observed (Fig. 2, ac) . Some organisms contained electrondense, rod-shaped bodies ( Fig. 2A, db) , as observed previously in T. theileri by Herbert [12] . The cytoplasm also contained lipid inclusions (Fig. 2B, L) , few cisternae of rough endoplasmic reticulum (Fig. 2D, arrows) and autophagic vacuole (Fig. 2D, arrowheads) .
Scanning electron microscopy observation: Scanning electron microscopic observation of TWTth1 from the culture supernatant not only showed large binary dividing epimastigotes with posterior uncleaved cell body and undulating membrane (Fig. 3 ) but also revealed a markedly nodular structure on the cell body (Fig. 3, arrowheads) and anchor-like structure at the end of free flagella (Fig. 3, upright panel) , which has not been described in previous studies of T. theileri and whose function is currently unknown. Furthermore, epimastigote during asexual binary fission was also observed.
Specific PCR assay of Trypanosome isolate-TWTth1 and phylogeny based on ITS sequences:
The cultured trypanosomes were positively identified using T. theileri specific PCR (Tth625-PCR) in amplicons 472 bp for TWTth1 (Fig.  4A) . A comparison of T. theileri with DNA (Rodrigues A) [19] GenBank Accession No: AF537201 and AF537202 showed that homology of the present sequence was 99.5% (448/450) and 98.8% (445/450) to those, respectively (Fig.  4B ). An analysis of the amplicons of full length 18S ribosomal DNA sequence of TWTth1 using NCBI GenBank showed that TWTth1 was 100% identical to the positions of T. theileri GenBank sequences (1941-1289, NCBI accession number AB007814.1). Phylogeny of TWTth1 and related T. theileri isolates (Rodrigues A) based on ITS sequences [3, 19, 20] showed homogeneity, that is, 100% identical with the Japanese isolate (AB007814) and two Brazilian isolates (AY773707, AY773708), and 97.3 to 98.0% homological with Brazilian buffalo isolates (Fig. 5) . When diagnostic PCRs (for bovine leukosis virus, bovine herpesvirus type 1, bovine ephemeral fever virus, bovine coronavirus, bovine parainfluenza virus and bovine viral diarrhea virus) and routine bacterial cultures (for aerobic and anaerobic bacteria) were performed in order to clarify whether any coinfection with other microorganisms existed in this study, all results were negative.
In vitro propagation and long-term continuous cultivation of TWth1 in BHK cell line co-culture system: When the primary isolates were transferred to these semiconfluent mammalian cell monolayers, epimastigotes multiplied intensively in the supernatant and differentiated to trypomastigotes 3-7 days later. Pear-shaped metacyclic trypomastigotes were present in old cultures. No apparent change of morphological properties was observed in this period.
Our results indicated that TWth1 can be propagated and maintained in BHK cell co-culture for more than one year without significant morphological changes. In axenic culture conditions, RPMI medium 1640 (Gibco, Cat No 22400) containing 10% FBS (Hyclone, Logan, UT, U.S.A., Cat No SH30070.03) induced club-shaped trypanosomes, followed by death after 14 days in cell-free culture (data not shown).
DISCUSSION
T. theileri can be rarely detected in microscopic examination of the stained smears of peripheral blood [10] . In this study, T. theileri was incidentally isolated from cattle during a routine diagnostic cell culture for clinical virological examination. The cultured trypanosomes were identified as T. theileri using diagnostic T. theileri specific PCR (Tth625), ITS genes region and full length 18S ribosomal DNA sequencing (Figs. 4 and 5) .
Further examination revealed numerous elongated organisms that were tapered at both ends and characterized by an undulating membrane and a long flagellum (Fig. 3) . The organisms showed various stages of development with different lengths (Fig. 1) . Although T. theileri has been reported to be commonly isolated concomitantly with other microorganisms, coinfection was not found in our analyses.
Most infections have a subclinical latency and may persist for several years with no obvious signs of illness. They also show a cryptic and chronic infection, and cannot be revealed by blood smears. Detectable parasitemia is usually associated with mixed infections. Since the endemic status and vector of T. theileri have not been described, these problems in Taiwan should be cleared in future.
Several cell cultures have been examined for subsequent propagation of some cell-free media and hemocultures [19] . As has been previously described, bovine bone marrow [16] , human or monkey cells [4, 31, 32] , HeLa, human epidermoid (Hep), human embryonic lung (Hel), monkey stable (MS) cell [32] , and LLCMK2 (monkey) cells (a common cell line used to culture intracellular protozon such as Toxoplasma) [19] can be used to propagate T. theileri. Hatama et al. [11] isolated a Megatrypanum trypanosome which is closely related to T. theileri from a sika deer shortly after death using kidney primary trypsinizating culture, however, subsequent attempts to propagate it in a bovine kidney cell line (Madin-Darby bovine kidney cell) and chicken cell primary culture (chicken embryo fibroblast) were not successful.
In this paper, BHK cell line was used, which is commonly used for routine diagnosis of bovine disease and has never been used to isolate T. theileri from cattle. Compared with cell lines used in previous studies, isolation of T. theileri with BHK cell line was more convenient as it was available for both primary and continuous cultivation and yielded a more stable long-term culture.
The organisms were initially observed during the second passage in BHK cells at day 10, and examination of wet mounts of the culture fluid by light microscopy (magnification:  200) led to tentative identification of trypanosomes. The new T. theileri isolate (TWTth1) showed different developing stages, including trypomastigotes, epimastigotes, pear-shaped metacyclic trypomastigotes and long slender forms of epimastigote in BHK cells culture (Fig. 1) . This indicates that cell cultured TWTth1 isolate is a pleomorphic line. TWTth1 has been propagated in vitro for longer than one year in BHK cell cultures. However, in axenic culture conditions, RPMI medium 1640 containing 10% FBS maintained the trypanosomes transiently and induced club-shaped cells, followed by death after 14 days in cell-free culture (data not shown).
In the salivary glands of an infected tsetse fly, the epimastigotes of T. brucei attach to the epithelium through an elaboration of the flagellar membrane [25] . In the renal cell culture, epimastigotes and trypomastigotes of Megatrypanum trypanosome isolated from sika deer attach to the feeder cells by their flagella [11] . This finding was also revealed using the culture system in our current study (Fig.  1) . Furthermore, different replicating and differentiating forms of the trypanosomes were observed to attach the culture cells. Since attachment and differentiation of trypanosomes in the salivary gland are essential steps to complete the repetition of life cycle, these may explain why trypanosomes can be cultured for long-period in this cell culture system. Further investigation would also warrant that whether in vitro cell co-culture system can be used as a model for attachment, replication and differentiation of trypanosomes in the gut epithelium of vectors.
